Stable bimetallic catalysts composed of CoPt x /g-Al 2 O 3 (x ¼ Pt/Co molar ratio) were synthesized by wet impregnation method followed by calcination and the H 2 reduction. The powders were characterized using XRD, AAS, BET, SEM, EDX, TPR, and TPO techniques. The prepared catalysts were drop casted on the glassy carbon electrode (GCE) and catalytic performance was examined for hydrazine electrooxidation in alkaline medium via cyclic voltammetry (CV). All the compositions in CoPt x /g-Al 2 O 3 series showed high responses towards hydrazine electrooxidation, however; high activity of CoPt 0.034 /g-Al 2 O 3 catalyst inferred it as a best material with an anodic peak current (i P ) response of 200 mA at 0.86 V. The prominent electrochemical (EC) responses for this composition are attributed to better accessible surface area resulting in a fast electron transfer. The CoPt x /g-Al 2 O 3 catalysts are reported as the robust and superior prospective materials for extensive electroanalytical and catalytic studies.
Introduction
Hydrazine (N 2 H 4 ) fuel cell technology is highly advantageous for electronic devices and fuel cell applications with the advantages of CO-free products [1] . Hydrazine is a strong reducing agent and highly reactive base. Its major applications include rocket propellant, explosive in pyrotechniques, hydrogen source in fuel cells, halogen removal from waste water, oxygen scavenger from boilers, insecticides in agriculture, precursor to many pharmaceuticals, development of photographic compounds, textile dyes making, and blowing agents for plastics [2, 3, 4, 5] . In recent years, the catalytic decomposition of hydrazine is extensively used for hydrogen generation for fuel cell applications and other devices [6, 7, 8, 9, 10, 11, 12, 13] . Although, hydrazine has been reported in history as a therapeutic agent for the cure of tuberculosis, sickle cell anemia, and chronic diseases [14] . However, hydrazine is declared as a carcinogenic compound which can cause gene mutation and hepatotoxicity [15] . Environmental protection agency (EPA) has stated hydrazine and its derivatives as environmental pollutants and threshold value of hydrazine in effluents is set to 0.0001% [16] .
By considering the significance of hydrazine, its precise and economical determination is still a challenging role to the chemists. Various methods have been reported for hydrazine detection such as, spectrophotometric [17] , liquid chromatography [18] , titrimetry [19] , coulometry [20] , amperometry [21] , potentiometry [22] , and voltammetry [23] . However, linear ranges of data with less precision results in the complexity of most methods [24] . On the other hand, the electrochemical studies offer various methodologies with quick response time, greater sensitivity, simple operation, ease of miniaturization, and cost-effectiveness [25] . The mechanism and kinetics of hydrazine oxidation has been studied under a wide range of solution conditions and at different electrodes like silver [26] , nickel [27] , platinum [28] , and carbon [29] . The mechanism of hydrazine electrooxidation mainly involves fourelectron transfer with releases of N 2 gas as a final product as described in Eqs. (1) and (2) [30, 31] . The rate determining step involves one-electron transfer followed by a three-electron transfer to give N 2 as a final product.
However, the electrooxidation of hydrazine at the surface of glassy carbon electrode is found kinetically slow due to large overpotential which is dependent on the nature of electrode material [32] .
Accordingly, there is need to modify the electrode surface for fast electron transfer kinetics and to improve the detection limit [33] . This way, the desirable properties of active material can be assigned directly to the electrode surface [34] . In this context, the design and development of novel electrocatalysts for hydrazine oxidation and detection has been focused [35, 36, 37, 38] . Different types of modified electrodes including electrochemically pretreated glassy carbon electrode [39] , carbon paste containing cobalt phthalocyanine [40] , ultrafine platinum and ruthenium particles dispersed on porous carbon films [41, 42] , poly (4-vinyl) pyridine-palladium film [43] , ethylenediamine cellulose immobilized palladium NPs modified GCE [44] , and cobalt hexacyanoferrate modified GCE [45] have depicted remarkable catalytic properties towards the electrooxidation of hydrazine. The modification of electrode surfaces had played a great role towards electron transfer kinetics and electrocatalytic studies [33] . The modified electrodes have a wide range of potential applications in the field of electrochemical technology, energy conversion, chemical analysis, electrochromic devices, and displays [34] . Metal nanoparticles (NPs) based electrocatalytic systems have advantages of high surface area, good durability, high dispersion, controlled particle size, morphology, chemical inertness, and good electrical/mechanical properties [46, 47, 48, 49, 50] . Bimetallic nanoparticle modified electrodes have been proved to be one of the most efficient electrode systems, owing to alloying effect between metal nanoparticles, and modification of electronic as well as chemical properties [51] . Bimetallic NPs modified electrodes display more advantages than monometallic counterparts, such as higher catalytic activity, better sensitivity, and longer life of electrode [52, 53] .
Wan et al. prepared graphene nanoplatelets (GNPs) supported bimetallic Au-Pd nanoparticles and used as electrocatalysts for hydrazine oxidation. In comparison to monometallic catalysts, the oxidation peak potential and peak current values greatly improved for bimetallic nanoparticles [54] . In another study, bimetallic Au(Ni)/TiO 2 -NTs catalysts were fabricated for the electrooxidation of hydrazine in an alkaline medium. The prepared catalysts with low Au loadings possess higher electroactivity towards the oxidation of hydrazine in an alkaline medium. Such behavior can be attributed to high dispersion of Au nanoparticles of high dispersity as well as alloy formation of Ni solid solution in gold [55] . Ghoshal et al. prepared multifunctional Pt-Nb composite by alloying of Nb with Pt. The tuned properties of Pt-Nb alloy made it a favorable electrocatalyst in multiple fuel cell systems [56] . In another study, the alloying effect improved the catalytic and electrochemical performance of CoPt/rGO catalyst which makes the process cost-effective [57] . An improvement in the activity of electrocatalysts has been reported for hydrazine electrooxidation by combining Co and noble metals such as Pt [58] or Pd [59] , or Ni and noble metals [60] , owing to large electrochemical surface area and high surface-tovolume ratio. Among these catalysts, CoPt NPs presented unique applications in the field of catalysis The synergistic effect between both metals resulted to the formation of alloy nanoparticles with high surface area, excellent catalytic activity, and high stability of the catalyst [61] .
In electrode systems, supported bimetallic nanoparticles with high surface areas is important to improve and regulate the catalytic performances, to explore new electrode materials, and to find optimum compositions with efficient synergistic effects [62] . The activity of electrocatalyst depends on the size of the metal particles and their dispersion on the support. The requirements of an ideal support material include high surface area, optimum pore size distribution, good electrical conductivity, good physico-chemical stability, oxidative stability, and cost effectiveness [63] . Furthermore, a support offers the benefits of mass transport and electron transfer; all of these features contribute towards a superior catalytic efficiency [64] . Although, different carbon materials i.e., carbon black, carbon nanotubes (CNTs), carbon nanofibers (CNFs), carbon nanowires (CNWs), and graphene have been applied as a catalytic support because of their large surface area, high electrical conductivity, and fine pore structures [65] . Among the earliest carbon-based supports, carbon black has been used extensively in fuel cell applications owing to its low cost, high availability and mesoporous distribution [66] . The carbon black should be activated before being used as a catalyst support to increase metal dispersion and its catalytic activity. However, several obstacles have been pointed for practical applications of carbon black, such as high temperature treatment for activation, insufficient electrochemical stability, low catalyst utilization due to poor mass transfer characteristics, diffusion limitation, and catalyst poisoning [67, 68] . Moreover, carbon black is also sensitive to electrochemical oxidation under many fuel cell service conditions such as H 2 starvation, under transient load and on/off operation, and a high cell potential, leading to carbon corrosion and detachment of metal NPs from the support material [69] .
Advanced carbon materials (CNTs, CNFs, and CNWs) are also facing the major challenges to control their phase purity, crystal structure, and uniform dimensions during synthesis. There is also requirement of their functionalization prior to introduction of metal nanoparticles for improving metal dispersion and molecular interactions [70, 71] .
In contrast, gamma alumina (g-Al 2 O 3 ) is an important catalyst support with a large surface area, pore volume, uniform pore-size distribution, mesoporous structure, good mechanical strength, and acid/base characteristics [72] . g-Al 2 O 3 is obtained by dehydration of aluminum hydroxide below 800 C with controlled and reproducible properties [73] . Many electrochemical studies have shown that g-Al 2 O 3 adsorbed glassy carbon electrode can reduce the overpotential, enhance the rate of electrode reaction, and improve the sensitivity of several analytes due to the proton donating nature of oxide groups over the surface of alumina [74, 75, 76] . For electrochemical studies, an electrode provides both ionic and electronic conductivities. gAl 2 O 3 and ZSM5 supported Sn catalysts were applied at cathode in electro-reduction cell in order to improve CO 2 conversion efficiency [77] . Since, g-Al 2 O 3 and ZSM5 supports are non-conducting in nature, the electronic conductivity may be delivered by inter connected metal nanoparticles present in the pore of the supports. The ionic conductivity may be provided by electrolyte solution and Nafion ionomer used during preparation of catalyst slurry to coat the electrode. Lee et al. have successfully synthesized polyaniline/gamma aluminum oxide nanocomposites via in situ electropolymerization on gold electrodes (Au/PAn/g-Al 2 O 3 ) for the detection of vitamin E.
The electrochemical performance of aniline in the presence of g-Al 2 O 3 nanoparticles enhanced dramatically [78] . Wang et al have deposited hexagonal g -alumina nanosheets on carbon paste electrode for the electrocatalytic oxidation of alizarin [79] . No electrochemical response of alizarin was observed on a bare carbon paste electrode.
However, nano g -alumina catalyzes the electrochemical process of alizarin, especially the oxidation of alizarin very dramatically. The surface charge status and surface hydroxyl radical of g -alumina are important factors in the electrocatalytic oxidation process.
The present work focused on the synthesis of g-Al 2 O 3 supported bimetallic CoPt x nanoalloys (x, Pt/Co molar ratio ¼ 0, 0.017, 0.034, 0.048, 0.065, and 0.081) via wet impregnation method followed by H 2 reduction. Glassy carbon electrode was decorated with the synthesized catalyst material via drop casting technique and used as working electrode. The electro catalytic activity of the prepared catalysts was evaluated towards the oxidation of hydrazine in an alkaline medium using cyclic voltammetry technique. The morphology, structure, and composition of the prepared catalysts were studied by atomic absorption spectroscopy (AAS), X-ray diffraction (XRD), surface area analysis (SAA), scanning electron microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), temperature programmed reduction (TPR), and temperature programmed oxidation (TPO). 
Catalyst preparation
At first, g-Al 2 O 3 support was prepared using aluminum chloride hexahydrate and ammonium hydroxide precursors by sol gel method as described in our previous work [80] and was fabricated in granular shape by adopting well established oil drop method [81] . The use of granular alumina support is practically beneficial for the facile transport of reactants and products. Bimetallic CoPt x /g-Al 2 O 3 catalysts were prepared by wet impregnation method. Prior to metal coating, g-Al 2 O 3 granules were oven dried at 120 C for 2 h. During impregnation, g-Al 2 O 3 granules were immersed at first in aqueous solution of cobalt acetate for 1 h and subsequently, in chloroplatinic acid solution at room temperature for 1 h. The concentration of both metal solutions and impregnation steps were adjusted in such a manner to obtain the required stoichiometric ratio of Co and Pt metals. The use of multiple impregnations with dilute metal salt solution is beneficial to obtain the small size metal particles and good metal dispersion which ultimately results in superior catalytic activity [82] . After each metal coating, the catalysts were dried at room temperature for 2 h and then calcined at 550 C for 4 h. Finally, the reduction was performed in a self-designed reactor equipped with programmable furnace, temperature controller, and H 2 gas flow meter. Prior to reduction, catalysts were dried under vacuum (w50 mbar) at 100 C for 2h in the reactor. After that, reduction was initiated by passing H 2 gas (99.999% pure) at a flow rate of 20 cc/min and temperature was raised to 550 C at the rate of 15 C/min. The reduction process was continued for 4 h. The prepared catalysts were physically characterized by AAS, XRD, SEM, EDX, BET, TPR and TPO analyses to ensure the elemental composition, crystal structure, morphology, surface properties, and synergistic effect between Co and Pt metals to form Co-Pt alloy nanoparticles.
Electrode modification
The electrode modification was performed in various steps as schemed in Fig. 1 .
Prior to modification, bare glassy carbon electrode (GCE) was polished to a mirror finish on a felt pad using alumina powder (0.3 mm) and rinsed thoroughly with deionized water. The electrode was further ultra-sonicated in DI water for 5 min to remove any free alumina particles and was later dried at room temperature. The catalyst was grinded into fine powder and 0.1 mg of this powder was dispersed in 0.5 mL ethanol via ultra-sonication for 5 min. Simply, bare GCE (0.07 cm 2 surface area) was modified by introducing 2 mL of catalyst/ethanol dispersion, followed by drop casting of 2 mL of 0.5% Nafion solution. The electrode was dried at room temperature for 15 min, followed by oven drying at 60 C for 30 min. All electrodes 
Characterization
The metal composition of the prepared catalysts was analyzed using atomic absorption spectroscopy (AAS) on Perkin Elmer AA400 atomic absorption spectrophotometer. For sample preparation, the catalyst was fused with sodium peroxide and potassium hydroxide mixture (1:1 ratio) at 600 C and then dissolved in aqua regia. Temperature programmed oxidation (TPO) measurements were performed following TPR on Chemisorb 2750 (Micromeritics). After pretreatment of sample, the flow of 10% O 2 /He gas mixture was passed over the sample and temperature was raised to 900 C @ 15 C min À1 . Finally, a plot of temperature versus TCD signal was obtained.
The electrochemical experiments were carried out at room temperature using potentiostat Interface1000 (Gamry Instruments) coupled with standard three electrode cell system consisting of modified GCE as working electrode, a platinum wire (dia: 0.5 mm) as an auxiliary electrode, and a saturated Ag/AgCl electrode (3 M KCl) as reference electrode. N 2 H 4 solution was selected as analyte and phosphate buffer solution (PBS) was used as supporting electrolyte. 0.5 M N 2 H 4 stock solution was prepared and was further diluted with PBS to make working solutions (i.e. 2 mM, 4 mM, 6 mM, 8 mM, and 10 mM). 0.1 M PBS was prepared by mixing equi-molar K 2 HPO 4 and KH 2 PO 4 solutions. All solutions were prepared in freshly DI water and CV measurements were performed in the potential window of 0.5e1.0 V.
Results and discussion

Composition and XRD analysis
The chemical composition of the prepared catalysts was determined by AAS and results are summarized in Table 1 . AAS results were found relatively close to the theoretical metal contents in the prepared catalysts indicating the effectiveness of adapted procedures for incorporation of these metal phases together. no prominent diffraction peaks of Pt metal which might be either due to low Pt contents or too small particles that cannot be detected [33] . Moreover, the diffraction peak of Co at 2q value w30.1 o was noticed to shift towards the lower angle with an increase in Pt molar fraction which might be due to substitution of larger Pt atoms for the smaller Co atoms. This diffraction shift also indicated the formation of Co-Pt alloy NPs [83, 84] . 
Surface area analysis
In order to evaluate the specific surface area of the prepared CoPt 0.034 /g-Al 2 O 3 catalyst, the N 2 adsorption and desorption measurements are further employed (Fig. 3a) .
According to the IUPAC classification, a typical type IV isotherm with a type H3 hysteresis loop at a relative pressure of 0.6e0.9 reveals the mesoporous nature of the material [85, 86] . Specific surface area of CoPt 0.034 /g-Al 2 O 3 was calculated by the BET method and found to be 123 m 2 g À1 which is lower than bare g-Al 2 O 3 support (195 m 2 g À1 ). Such behavior can be ascribed to either filling of support pores with metal particles during impregnation or sintering of pores at high temperature treatment [87] . The pore size distribution of CoPt 0.034 /g-Al 2 O 3 catalyst (Fig. 3b) was derived from the desorption isotherm using the Barret-Joyner-Halenda (BJH) method. Narrow pore size distribution of the catalyst was obtained with maxima centered at 4.68 nm reflecting a unimodal distribution of mesopores. All these observations indicated the textural difference in the properties of support after metal loadings. 
SEM and EDX analyses
TPR and TPO measurements
The profiles obtained in the TPR tests of catalysts are shown in Fig. 6a . In accordance with earlier reports [88, 89] monometallic Co/g-Al 2 O 3 catalyst presented peaks in three regions i.e., first peak at 150 C, second peak at 200 C and third broad 
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peak around 400
C. The first peak appeared for a complete decomposition of the cobalt precursor and its intensity greatly diminishes by prolonged calcination [90] .
The second peak was ascribed to the transformation of Co 3 O 4 to CoO, while broad band appeared upon complete reduction of Co 3 O 4 to Co 0 [91] . A broad band was observed at 600 C which corresponds to the reduction of cobalt aluminates (CoAl 2 O 4 ) spinal [92, 93] . Batley et al. for the first time showed the influence of Pt atoms on Co reduction [94] . More recently, Holmen and coworkers illustrated high effect of Pt atoms on Co reducibility especially, for alumina supported catalysts [95, 96] . The TPR profiles of all the bimetallic catalysts exhibited three peaks of hydrogen consumption. The first and the third peaks, assigned to the reduction of cobalt species, are still observed at the same temperature as in the monometallic Co catalyst. For bimetallic CoPt x /g-Al 2 O 3 catalysts, the second peak at 350 C was assigned to the reduction of cobalt oxides in intimate interaction with Pt. The appearance of this peak indicated the formation of CoPt alloy phase. Moreover, with an increase in Pt loadings, this peak was shifted slightly towards lower temperatures. These results suggest the influence of Pt in lowering the reduction temperature of cobalt species and also decreasing the interaction of the metallic species with the support. 
Electrooxidation of hydrazine on modified electrodes
To investigate the electrochemical oxidation of hydrazine, cyclic voltammograms at bare GCE and Co/g-Al 2 O 3 modified GCE were recorded (Fig. 7) . Both electrodes presented no oxidation peak. For comparative studies, electrocatalytic oxidation of hydrazine was tested with CoPt x /g-Al 2 O 3 modified GCE with different molar ratios of Pt. CV profiles of these modified electrodes presented a positive shift of the oxidation potential as well as an enhancement of anodic current. All the modified electrodes showed an ability to oxidize hydrazine. The greatest current response was noticed for CoPt 0.034/ /g-Al 2 O 3 catalyst with anodic peak current (i P ) value of 200 mA at w0.87 V. This anodic peak results from the electrode reaction of: 
Bimetallic modified GCE showed a highest current response, than monometallic Co modified GCE. An increase in the oxidation peak current shows the better electrochemical efficiency of this electrode towards hydrazine oxidation, which is attributable to high surface area and facile electron transfer ability [97] .
Effect of scan rate
To examine the voltammetric behavior of the modified electrode, hydrazine elctrooxidation was performed by changing the scan rate in the range of 10e100 mV s À1 and results are shown in Fig. 8a . The resultant oxidation current was observed via cyclic voltammetry in 0.1 M PBS solution (pH 7.2) containing 2 mM hydrazine.
The anodic peak current was observed to increase with increasing the scan rates. A linear relationship was obtained by plotting anodic peak current (i p ) as a function of scan rate (Fig. 8b) . The linear regression equation is as follows:
This linear trend proved that the electrochemical process on the modified electrode was controlled by surface adsorption. Moreover, the linear dependence of peak current on the scan rate (Fig. 8c) , further confirmed the diffusion character of hydrazine electrooxidation as designated by following equation [98, 99] . 
Effect of hydrazine concentration
The effect of hydrazine concentration on oxidation peak current for CoPt 0.034/ g-
2) is shown in Fig. 9a . The hydrazine concentration was varied from 2 to 10 mM. The anodic peak current was found proportional to hydrazine concentration which can be correlated to the better distribution of bimetallic alloy NPs over the surface of this modified electrode [100] . The current response was found linear to N 2 H 4 concentration with a correlation coefficient of 0.996 as shown in Fig. 9b .
The comparison of electroanalytical data of our modified electrodes with reported ones for hydrazine oxidation is listed in Table 3 .
The peak current response of our modified electrode is higher as compared to other reported modified electrodes for hydrazine electrooxidation. This robust performance can be correlated to the synergistic effect between Co and Pt metals, high , and (c) linear dependence of peak current on scan rate (both in logarithm scales).
dispersion of CoPt alloy particles, small-sized particles, improved reducibility, and presence of more active sites as confirmed by XRD, SEM, TEM, EDX, and TPR/ TPO analyses.
Reproducibility and stability studies
The reproducibility and stability of the CoPt 0.034/ g-Al 2 O 3 /GCE were investigated by CV method in 10 successive runs using 2 mM hydrazine. Fig. 10a shows that CV response of the modified electrode was maintained in all cycles with a relative standard deviation (RSD) of 2.86%, indicating its good repeatability and stability. The stability of projected electrocatalysts was evaluated on the basis of reproducible current response for five identical electrodes using CoPt 0.034/ g-Al 2 O 3 . Anodic peak current output for 2 mM hydrazine is represented as a bar chart in Fig. 10b . Only a little [33, 36, 46, 60] .
variation was observed in the anodic current responses of five identical electrodes.
The average anodic peak current on the modified electrodes and relative standard deviation (RSD) are 183.8 mA and 2.45% respectively suggesting a good reproducibility of the prepared electrodes.
Conclusions
In conclusion, advanced materials, CoPt x /g-Al 2 O 3 were synthesized by wet impregnation method. All catalysts presented good mechanical and chemical stability.
These materials proved electro-catalytically active towards hydrazine oxidation in an alkaline environment. The combination of Co with Pt improved the material's properties in a way that the overpotential for the hydrazine oxidation was greatly reduced in comparison to Co/g-Al 2 O 3 . The synergistic effect for the formation of CoPt nanoalloys was advantageous for electrochemical process of hydrazine oxidation. All catalysts responded for the hydrazine electrooxidation with maximum anodic current for CoPt 0.034 /g-Al 2 O 3 catalyst. Hence, CoPt 0.034 /g-Al 2 O 3 was established as an optimal composition due to its prominent electrocatalytic response. The prominent electrochemical response towards hydrazine electrooxidation indicated that these materials may further contribute to applications in the field of catalysis, electroanalysis, and sensing.
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